Therapeutic approaches involving the permanent genetic engineering of human cells are progressively moving from a niche application in rare genetic disorders toward an extensive clinical use for a wide spectrum of diseases. In particular, ex vivo gene therapy based on autologous infusion of hematopoietic cells permanently engineered by retroviral/lentiviral vectors has emerged as one of the most promising approaches for the cure of hematological diseases and tumors. 1 The awareness of being on the verge of a potential epochal advance in medical science is calling researchers and institutions to provide efficient tools to evaluate the outcome of gene therapies at pre-clinical and clinical levels. This, in turn, demands a thorough revision of some state of the art technologies to understand the informative potentials of the current assays and also to shed light on the caveats and limitations that need to be taken into account and addressed in the near future. In the first section, we review the main experimental requirements and available assays for pre-clinical evaluation of retroviral vector platforms as well as gene therapy strategies in general. Specifically, we describe the main steps of in vivo biodistribution studies and the assays to evaluate the genotoxic potential of a vector according to current recommendations by regulatory agencies. The second section describes the current technologies for vector integration site analysis in treated patients directly at the clinical trial stage. The discussion is focused on recent advances in insertion site (IS) retrieval protocols and how they can be efficiently combined with next-generation sequencing platforms. We evaluate the impact of these analyses on gene therapy safety assessment and on the collection of relevant basic biological information. We also emphasize the bioinformatic structural requirements and point out the risks associated with "overdatafication," i.e., conversion of processes potentially affected by technical biases and turning them into biological data, which leads to misinterpretation of results. Overall, this article provides the reader with an up-to-date overview of the current technologies for the pre-clinical and clinical evaluation of gene therapy products based on permanent modification of target cells.
The Pre-clinical Work Package
Before a new retroviral vector can be applied to the first patients, regulating agencies, e.g., the European Medicines Agency (EMA) in Europe or the Food and Drug Administration (FDA) in the United States, require sponsors and investigators to provide sufficient safety data. Pre-clinical assessment of pharmacodynamics and toxicology of the new drug is covered by guidelines published by the responsible authorities. 2, 3 These directives are often relatively vague in their formulation, as too much specificity would require recurrent modification of the guidelines in the attempt to keep pace with the developments in the field. In general, the guidelines inform initiators of new trials what information must be gathered, but often not how. Consequently, this section discusses the main aspects of how to assess the relevant data regarding genotoxicity. We focus on hematopoietic gene therapy and how some tests can be combined to address more than one issue at a time, potentially saving money, time, and animal lives.
First of all, the earlier contact with the responsible regulatory authority is established, the better. The standard recommendations are often similar, but not entirely the same everywhere, even when the gene therapeutic application will be applied in more than one country or across continents. One has to make sure that the experimental design will later satisfy the national and the international regulatory agencies, especially in the framework of multicenter, international trials. The contact persons assist the applicant throughout the process of pre-clinical data assessment. Closer examination of the guidelines points out that the majority of biological effects of an advanced therapy medicinal product (ATMP), which in hematopoietic gene therapy is the genetically modified autologous stem cell, is believed to be a result of the vector particle, the vector backbone, and the transgene. What first seems obvious can be important regarding the legal status of the ATMP. The guideline presumes that there will be no immunological reaction toward the transplanted cells and thereby relieves one from testing for this effect. However, regulations require testing for the presence, integrity, and persistence of the genetic information delivered to the cells, especially when using integrating vectors. In case the transgene might elicit an immune reaction, this has to be addressed as well. Sometimes, data for a similar vector type already have been acquired in the course of pre-clinical tests and might be supportive but rarely sufficient to allow immediate translation of a new vector into the clinics. The respective document of the EMA closes the introductory statements with the notion that "any decision about the adequacy of the pre-clinical data can only be made on a case-bycase basis."
2 Therefore, it is important to personally discuss these issues with the authorities.
Many investigators and sponsors might wonder if the vectors share a similar basic design and are intended to treat the same disease, is there also a similar set of pre-clinical assays? The answer is often yes. In the experimental design, pharmacodynamics and biodistribution can often be combined and will be discussed below. The other arm of investigation concerns genotoxicity, for which either certain in vivo or in vitro tests can be performed. In the European guideline, it is specifically stated that standard genotoxicity tests are not generally required. Nevertheless, in the light of adverse events due to insertional mutagenesis, the EMA published a reflection paper on the management of the risks associated with integrating vector technologies. 4 The manuscript adequately explains the most important aspects about insertional mutagenesis and which pre-clinical tests can be used to assess it. It describes that integration studies might be needed, in case pediatric patients are treated and if the vector system has the capacity to permanently integrate into the genome. This is actually the most common case for retroviral vectors in current clinical trials. The situation can differ, however, with the cell type to be treated. The risk for insertional mutagenesis after gene transfer into a post mitotic tissue might be lower compared to the treatment of multipotent stem cells. [5] [6] [7] Nevertheless, regulators often require an analysis of the integration spectrum in the relevant target cell. The paper further exemplifies what information is expected when the insertion site profile of a new vector is analyzed. The investigators are encouraged to report any relevant aberration of the clonal composition of a graft and the presence of integration clusters. In light of what the field learned from clonal skewings in previous gene therapy trials, [8] [9] [10] [11] these considerations surely make sense. However, the reflection paper does not specifically state how to interpret the results from such studies or more precisely, what is regarded as safe. Pre-clinical integration studies are not predictive for the subsequently treated patients, but they can help to understand and adequately judge risk factors like integration hotspots and vector associated deregulation of neighboring genes.
In addition to integrating retroviral vectors, further vector systems including adeno-associated viral vectors have entered the clinical arena with impressive success. As these vectors lack an intrinsic integrase activity they are defined as non-integrating vectors, which mediate long-term transgene expression in post-mitotic or slow proliferating tissue, such as adult healthy liver, muscle, or brain from episomes. Nevertheless, vector DNA might become integrated at DNA damage sites. These events are rare (1 Â 10 À4 to 1 Â 10 À5 ) as indicated by comprehensive LAM-PCR-based genome analyses of clinical samples from adeno-associated virus (AAV) gene therapy trials and occur in a random fashion. 12, 13 Interestingly, integration sites were not detected in oncogenic regions reported by Nault et al. 12, 14 However, integration site analyses and functional tests ought to be implemented in analyses of non-integrating vectors given the limited number of patients and the currently short observation period.
Biodistribution and Pharmacodynamics
Proof of efficacy is crucial to every pre-clinical application. This point is often addressed by standard flow cytometric measurements or antibody-based detection assays. However, it is not enough to show efficient gene transfer alone, but one must also show that the therapy has an effect. Beyond the proof of concept in vitro, the integrity of the transgene and its therapeutic effect have to be demonstrated in a relevant animal model, unless otherwise justified. In line with the caseby-case character of the evaluation procedure, which animal model is relevant, or how many mice should be used for the analysis is not specified. This somehow depends on the effect to be observed and thus careful biometric planning should be applied. Often, proof-ofconcept studies have been performed and published, so that the type of readout is known in advance. One has to be sure about the kind of response to be expected (dichotomous, continuous, or survival) and calculate the number of animals required to support an experimental conclusion. 15, 16 It is recommended to perform the in vivo experiment as a dose escalation study, meaning transductions with increasing multiplicities of infection. Ideally, this will allow the documentation of the minimal dose required for a therapeutic effect and the possibility to observe putative signs of toxicity at high dosages. Later, before the first patient is treated, a recommendation of dosage is necessary and could be supported by the conclusion of these studies.
Regarding the experimental design of pharmacodynamics experiments, one usually starts with a cell culture experiment proving the effect of the genetic modification. Afterward, it is necessary to document, whether the treatment impedes with any normal function of the cell. Regarding hematopoietic stem cells (HSCs), the ability of these cells to differentiate normally and achieve long-term (>12 weeks) repopulation of the immune system has to be analyzed. It is wise to combine the experiments for pharmacodynamics with biodistribution studies, because the animals used in the efficacy analysis can also serve as backup for a vector screen by qPCR in different organs and vice versa. As displayed in Figure 1 , we propose a time line of 6-18 weeks for these experiments. For both arms of the analysis, animal weight should be recorded weekly. Regular blood draws with documentation of white and red blood cells as well as platelet count should be performed every three weeks. The fate of the vector should be analyzed in both short-and long-term experimental settings. After 6 weeks, 10 different organs (brain, lung, liver, heart, kidney, gonads, spleen, thymus, bone marrow, and peripheral blood) can be isolated and examined for the presence of vector DNA by a qPCR copy number analysis. It is advantageous, if one can also provide flow cytometric data to analyze for donor cells (e.g., CD45.1/CD45.2 alloantigen) and present the combined measurements as a regression curve. One typically finds more engrafted cells in the hematopoietic organs (e.g., thymus, spleen, and bone marrow) with a correlating higher copy number. It is, however, normal to also observe a certain amount of cells in the lung after systemic injection, and these cells might remain there until the end of the analysis. At this time point, it is also possible to show normal differentiation by conventional surface-marker expression (granulocytes, monocytes, B cells, and T cells). This analysis is again repeated after 18 weeks to monitor the persistence of gene-modified cells in the hematopoietic organs and to provide evidence that gene-modified cells did not accumulate in non-hematopoietic organs, like the lung.
For the efficacy and general toxicity studies, we recommend performing a dose escalation of at least three different multiplicities of infection (MOI) (low [1] [2] [3] [4] [5] , moderate , and high [50-200]) during transduction. At any time (early and late), one can show that the gene modification follows a dose response. Combined with lineage stainings in flow cytometry, this is very convincing data to support the conclusion that the therapeutic effect does not interfere with hematopoiesis and the differentiation capacity of the cells. One should also include a non-treatment group and wild-type animals in the efficacy study to allow correlation of the observed effect with physiologic conditions. After 18 weeks, a full necroscopy should be performed. All macroscopic abnormalities and a thorough histopathologic analysis of several organs should be documented. Deciding which tissue types to analyze largely depends on the estimates regarding which organs possibly could be affected by a toxic impact of the treatment.
Genotoxicity
As mentioned previously, from the guideline's point of view, general genotoxicity assays are not required for gene therapy.
2 This is largely due to the nature of the available assays, of which none is predictive for the subsequent situation in the patient. Even the attempts to perform xenotransplantations of CD34-positive hematopoietic stem and progenitor cells into immune deficient mice, with the aim to humanize the mouse model, cannot overcome the principal limitations opposing a predictive value for subsequent patients. Whereas animal experiments are sensible for pharmacodynamics and biodistribution, the readout in terms of genotoxicity is debated controversially. 17 Hence, the guidelines do not require any specific assay. In reality, however, regulators may request supporting data about the vector performance regarding the integration profile and insertional mutagenesis, especially in light of previous severe adverse events. In this chapter, we only describe possible in vitro and in vivo assays, which were practically useful. For a better description of the multitude of possible assays, please refer to the reviews of Rothe et al. 18, 19 
Figure 1. Pre-clinical Pharmacodynamics and Biodistribution for Hematopoietic Gene Therapy
In blue, biodistribution includes observations of short-(6 weeks) and long-term effects (18 weeks). Body weight should be monitored weekly (gray dots), and blood should be taken every 3 weeks (red circles). At the time of end analysis (red dot), 10 different organs should be harvested and screened for vector presence by qPCR, sometimes in combination with flow cytometry. For pharmacodynamic studies (in green), the efficacy of the treatment and the lineage distribution can be monitored in peripheral blood over time and in the bone marrow at necroscopy. Different vector doses can be compared and analyzed with respect to wild-type and mock-treated animals.
For analysis of genotoxicity in vivo, we propose using either the applicable disease model or a transplantation of human CD34-positive cells into immune-deficient mice. The purpose of this experiment is to determine the natural integration profile of the vectors and to possibly observe any kind of clonal imbalance after prolonged time. Either mice are monitored for an extended period (e.g., 12 months) or serial transplantation of the bone marrow can be accomplished to stress the hematopoietic compartment after 6 months. In any case, one should document the weight of the animals every week for the first 4 weeks and every 4 weeks thereafter. Animals developing a full blown leukemia rapidly lose weight and show signs of anemia, which often can be observed as pale feet. At the time of end analysis, a complete necroscopy should be performed. Any macroscopic abnormalities (thymus, lymph nodes, spleen, or liver) or findings in the histopathology (spleen, thymus, bone marrow, or enlarged lymph nodes) should be documented. 20 Regarding insertion site analysis, it is highly recommended to keep an aliquot of the transfused material as a pre-transplantation (pre-TX) sample. With this sample, three important components of an insertion site analysis can be assessed.
(1) The overall integration profile (frequency of intragenic insertions, distance to transcriptional start site, and to CpG islands), (2) any clusters of integrations, and (3) the occurrence of potential dangerous insertions near reported proto-oncogenes. 21 Analysis of the pre-TX sample enables a comparison of the normal insertion site spectrum to that of repopulated long-term or even secondary transplanted animals. A conclusion could be that no relevant deviation from the polyclonal composition is observed over time. Details about a proper insertion site analysis, both for pre-clinical genotoxicity analysis and, even more importantly, for the patient follow-up after gene therapy, will be discussed in separate paragraph below.
Care must be taken during planning and interpretation of these mouse studies. The number of transplanted HSCs in mice is different from that in humans. 22 The amount of long-term repopulating cells in the graft in combination with restrictions in the current linear amplification mediated (LAM)-PCR methodology can result in a reduced clonality even without an obvious selection for growth promoting insertions. 23 This effect might even be aggravated when humanized mouse models are used. The stem cell nature and engraftment of cultured HSCs can strongly vary due to different culture conditions, leading to reduced clonality of gene modified cells, which is not caused by the gene therapy vector. 24 The recently developed mouse models expressing human hematopoietic cytokines or with a mutation in c-kit might overcome this disadvantage due to better mimicking the niche for human HSCs or improved engraftment potential. 25 Assuming a good engraftment, a possible outcome of a successful mouse genotoxicity study might conclude that no insertions in or near known proto-oncogenes are selected.
In conjunction with physiologically normal health parameters and unobtrusive histopathologic findings, a careful statement regarding safety seems reasonable.
Another possibility to test the genotoxicity of a new vector in vivo is the use of a tumor prone mouse model like Cdkn2a À/À . 26, 27 Here, even subtle differences in design of new self-inactivating (SIN)-lentiviral vectors can be uncovered. The normal endpoint in this case is always leukemia (also for the control mice) and the differences in median survival allow comparison of a test vector against other backbones with known mutagenic potential. We would recommend sideby-side comparison of mock transduced cells as a negative control, a vector with a strong viral promoter as a positive control and the new test vector. This model is extremely helpful to describe differences of genotoxic risks associated to a new vector. However, this strategy has the same deficiency as the other assays, in that it is not believed to be predictive for the outcome of future gene therapy in humans. Although, the test detected a genotoxic potential of SIN-lentiviral vectors, no adverse event has been observed with these vehicles in the clinic. Hence, the conclusion of such a vector comparison might be that a new vector is less prone to elicit enhancer mediated dysregulation or even aberrant splicing of genes compared to earlier vector generations.
Another useful test is the in vitro immortalization (IVIM) assay, first described by Modlich et al. in 2006. 28 The assay is based on an observation by the lab of Jenkins and Copeland, who screened for enhancer mediated upregulation of proto-oncogenes like Mecom or Prdm16.
29
Vector insertions into the Mecom and Prdm16 loci were involved in the severe adverse event of the first CGD gene therapy and were clinically relevant. 30 For an IND (investigational new drug) application, a comparison of a new vector against a strong insertional mutagen like the LTR-driven gammaretroviral vector RSF91 can be performed. This vector contains promoter/enhancer sequences from spleen focus forming virus (SFFV) located in the long-terminal repeat (LTR) sequences. When murine lineage negative cells are transduced at high multiplicity of infections (starting cell number R 1 Â 10 5 cells and vector copy number above 3) and expanded for 2 weeks, the incidence of a replating phenotype at low-seeding densities (100 cells/ well) is nearly 100%. Mock-transduced cells normally do not grow under these conditions. In contrast, clones from RSF91-transduced samples can be expanded even further and cultivated indefinitely. The incidence of positive plates can be quantified and reported together with the fitness of potentially immortalized clones. This fitness score is the frequency of cell growth on a 96-well plate. As cell numbers and proliferation behavior are monitored during the bulk culture, the effect of the transduction and possibly also the transgene on cell viability can also be analyzed. This assay can reproducibly measure the clinically most relevant factor of malignant insertional mutagenesis, i.e., the cis-activation of neighboring genes close to the integration site. Often, however, SIN-lentiviral vectors with weaker internal promoters do not reach a critical threshold for upregulation of neighboring genes in the IVIM assay. It remains to be determined whether more sensitive tests are needed to quantify differences in vector architecture or if the fact that no adverse event has been described in humans with SIN-lentiviral vectors is a biological truth reflected by the current setup of the assay. Of note, the IVIM assay measures myeloid transformation by insertional upregulation of Evi1 or Prdm16. In light of severe adverse events due to lymphoid leukemias that originate from lymphoid lineages, further assay systems, e.g., the assay described by Zhou et al. that specifically scores the LMO2 protooncogene activation, complement the IVIM. 31 
Integration Site Analysis
For the analysis of pre-clinical mouse studies and the follow-up of treated patients, the insertion sites and the relative frequency of transduced cell clones can be analyzed (Figure 2 ). All current techniques for integration site retrieval are based on in vitro enrichment of fragments containing vector-genome junctions combined with sequencing and bioinformatic processing for the retrospective identification of insertion sites. In the early days, LM (linker mediated)-PCR products were shotgun cloned into competent bacteria. The generated colonies were then picked and sequenced using the Sanger method. On average, 96 wells were analyzed per sample and the resulting sequences were manually processed and blasted on the genome of reference. In the clinical settings, this approach allowed the identification of hundreds of integration sites per patient and has been a powerful tool for the characterization of insertional mutagenesis events. [32] [33] [34] Nonetheless, this technique was expensive, extremely time consuming and did not allow a comprehensive real time monitoring of the patients "integrome." The arrival of next-generation sequencing (NGS) technologies provided a tool to perform high-throughput integration site analysis in a cost and time effective manner. [35] [36] [37] [38] [39] [40] Importantly, together with the identification of vector insertions, these technologies allowed measurement of the relative abundance of each integration site according to sequencing read counts as a surrogate marker of the relative clonal size.
To date, LAM (linear amplification mediated)-PCR combined with Illumina (MiSeq or HiSeq) sequencing platform represent the state of the art for integration site retrieval. The LAM-PCR is a well-established technique and its protocol has been described in 
Tracking Clonal Fate Dynamics In Vivo by Insertional Barcoding
The activity of collecting and analyzing integration sites for molecular tracking studies is based on the combination of in vitro cellular and molecular protocols and deep in silico data processing. Once LAM-PCR and bioinformatic pipelines are in place, the whole procedure may require 1-3 months from sample collection to the final data delivery depending on the availability of sequencing facilities in-house or to the outsourcing of NGS processing. Steps 2 to 4 are critical, as they may introduce contamination and collision events significantly affecting downstream analyses.
Step 5 requires careful tuning of the bioinformatic pipeline in order to provide a proper set of filtered data as input to the final step 6, where extrapolation of biological information occurs.
detail. 41 To be effectively combined with the Illumina sequencing platform, LAM-PCR products must be subjected to an additional round of PCR to add Illumina adapters. These adapters are designed with a sequence complimentary to the two surface-bound amplification primers on the Illumina flow cells together with a sequence specific for the vector or linker cassette proximal to the binding site of the primers used for the last LAM-PCR step. It is advisable to add a 12-bp random sequence between these two segments for efficient cluster recognition upon Illumina sequencing and 6-to 8-bp barcode sequence for the sample identification in order to pool different samples in a single library. After Illumina sequencing, customized pipelines have been designed to process raw sequence data. The key steps involve data quality processing, barcode assignment to respective samples, trimming of vector and linker cassette sequences and mapping of the resulting sequences on the reference genome (Figure 3) . The original localization of the vector insertion corresponds to the chromosomal position right at the end of the vector LTR sequence. The design of these pipelines has to take into account a series of technical issues that could affect the bona fide identification of vector integration sites: (1) a proper recognition of a complete LTR sequence before trimming is critical to assure that what is going to be mapped is not the result of a rearrangement occurring upon the genomic fragmentation step of LAM-PCR. ( 2) The barcode identification should be precise enough in order to allow a proper demultiplexing of the sequences and correctly assign a given mapped integration site to a specific sample. ( 3) The mapping procedure should allow efficient recognition of the variability of the alignment of a single insertion event around a small genomic window (usually an area of ±3 bp around the LTR end point, but could be even larger). These events are not rare occurrences and the technical reasons leading to these events remain to be clarified. The pipeline should provide a tool ). The sequential order of the tasks and the nature of the filters considered for the bona fide identification of IS vary according to the pipelines developed by the different groups working in the field. LTR, long terminal repeat; LC, linker cassette; IS, insertion site; GT, gene therapy.
to distinguish between the identification of an individual integration site or of a cluster of independent insertional events mapping in the same narrow genomic area. (4) Sequences mapping to the same integration site should be pooled together and information regarding the sequence counts associated to each insertion should be stored for the analysis of clonal size.
Once the integration sites are properly identified, the following analytical steps include the annotation of genomic features, like the presence of RefSeq or non-coding RNAs in the insertion site neighborhood. Other features, like chromatin conformation and gene expression levels can be linked to the insertion site analysis. However, one must remember that, in many cases, these characteristics are variable and cell-type specific. Therefore, inclusion of these features in the analytical pipeline should be carefully tuned according to the specific target cell of the study in order to avoid misinterpretation of the results. 36 In this regard a valuable analytical approach should involve a thorough phenotypic characterization followed by a comprehensive insertional analysis of the cell product isolated from the target patient population before infusion. These data should then be cross-linked with information available on literature on chromatin accessibility of target cells (e.g., assay for transposase accessible chromatin with high-throughput sequencing [ATAC-seq], chromatin immunoprecipitation sequencing [ChIP-seq]) to create a baseline reference of the insertional profile of the engineered cells. This will provide a better understanding of the reasons driving in vitro integration preferences versus in vivo selection of insertion sites. Once a list of integration sites, each associated to its sequence count and neighboring features, has been created, a series of additional filtering steps are required to clean the results before further downstream analyses: (1) it is not uncommon to detect identical integration sites in two independent samples. Generally, it is thought that this could result from contamination occurring upon wet processing or during sequencing. Indeed, although one can assume that integration sites can be shared among different cell types of the same individual as the result of a differentiation from a common ancestor, it is questionable that a given insertion event could have occurred in the very same genomic position in cells from distinct individuals. As NGS becomes more and more applied to clinical and pre-clinical studies, the occurrence of so-called "collision" events has potentially increased. This is mainly due to the increased depth and intensity of the sequencing coupled with the requirements for wider multiplexing capacity for the simultaneous analysis of multiple samples. The bioinformatic processing pipeline design could disregard collision events from more than one independent individual or filters based on sequence count differences among independent patients could be applied in order to assign a specific insertion to a given individual. Importantly, collisions are often detected even among independent sequencing runs that are performed months apart from each other. Therefore, bioinformatic tools are required to compare the results of each new sequencing run with a previously generated insertion site database. Implementation of more complex barcoding strategies at the LAM-PCR level will most likely reduce the impact of these occurrences in the future. (2) Another filtering level could be needed for performing specific analyses. For example, studies based on the sharing of identical insertions found in different cell types or detected longitudinally in the same individual could be deeply affected by the purity of the isolated cell populations. To reduce the impact of biological contamination on the interpretation of the results from NGS, sequence reads-based filters could be applied to eliminate poorly represented insertions (e.g., removing integration sites with 3 or fewer sequencing reads). Then an additional filter could assign specific integrations only to a specific lineage or time point according to a preponderant sequence count as compared to other samples. In this case, identical integration will be considered as shared only when bearing comparable sequence counts among samples. This method is generally considered reasonable, but it is not exempt from technical flaws, particularly when dealing with studies involving longitudinal cell tracking as will be pointed out next.
The combination of NGS and insertion site retrieval technologies has significantly increased the amount of information available for the molecular tracking of gene-corrected cells infused into the patients. The level of detail reached by these analyses not only allows addressing issues regarding the safety of gene therapy but also sheds light on more general concepts of the biology and dynamics of gene-corrected cells in patients. These molecular tracking studies are based on the concept that each transduced cell that has successfully engrafted in an individual has become unequivocally marked by a unique integration site. Importantly, this permanent mark also will be inherited by the progeny of the target cells upon in vivo duplication/differentiation. Therefore, this "insertional barcoding" allows tracing the in vivo fate of infused cells. Each clone is identified by a univocal chromosomal localization and is commonly named by the closest gene flanking the relative integration site. The size of each clone is measured by means of its sequence counts and reported as the frequency of sequencing reads over the total. The population diversity can be estimated for each time point by combining the richness of integration sites and the evenness of their sequence count distribution. The survival of individual clones can be assessed by longitudinal resampling of the same integration sites overtime. If a clone expands significantly at the expense of the others, the sequence counts of the insertion site marking this clone will increase and as a consequence diversity of the relative population will decrease. Therefore, these analyses represent a powerful tool to monitor the stability of the population of genetically engineered cells. 35, 39, 40 Despite the fact that sequencing read counts can provide a generally reliable estimate of population clonality, it should be kept in mind that they are the byproducts of extensive molecular processing of vector-genome junctions, which are exponentially amplified by several rounds of PCR. Thus, unless a consistent and self-evident clonal expansion is in place, the single clone size measurement could be affected by PCR-related biases, and the interpretation of these results should be taken with caution, particularly when performed on single clones and single time points. In this regard, different approaches have been developed based on fragmentation of the genomic DNA by sonication and enumeration of shear sites that belong to each IS sequence. 42 Although theoretically valuable, the use of this technology is limited by the fact that the number of cells that compose a given clone could far exceed the number of fragments of different lengths generated upon fragmentation in proximity of a given IS, which results in saturation of the available diversity of shear sites. A more efficient way to overcome the quantification biases introduced by the PCR steps would be to tag genomic fragments with random barcodes as unique molecular identifiers prior to exponential amplification. Others and we have shown that inclusion of a string of random nucleotides upon adaptor ligation improves the IS quantification potential. 43, 44 Insertional barcoding can be also exploited to study the hierarchical relationships between different cell types through the sharing of identical insertion sites. This type of analysis is based on the concept that if two or more clones belonging to different lineages share the same integration site, they should have derived from a common progenitor. In the context of gene therapy clinical trials based on the autologous gene correction of HSCs, the observation of identical insertions among CD34-positive cells, myeloid cells, and lymphoid cells is commonly considered a testimony of the efficient engraftment of multipotent progenitors and the level of multilineage sharing of integration sites in each individual cell type is generally correlated with its precursor potential. 39, 40 An efficient application of this type of analysis was recently shown for insertional tracking of the hierarchical relationships between human T cell subtypes. 45 To correctly implement integration site analysis as a molecular tracking tool for the study of in vivo biology and dynamics of engineered cells, data derived from NGS must be carefully processed according to the filtering procedure mentioned above with the aim of limiting false positives. Nonetheless, an overapplication of these filters may lead to significantly masking the biological information that lies beneath the tracking of integration sites. For example, in longitudinal studies, identical integration sites are often detected at multiple time points but carry a very different sequence read count at each follow-up. This could be the result of a variability intrinsic to the LAM-PCR procedure, of the known effects of subsampling (only a few milliliters of blood are collected at each time point), or of a true temporal fluctuation in clonal size. Similarly, it is common knowledge that clone size may vary at various stages of differentiation. Indeed, it is not unexpected to find differences between the sequence counts of an integration site belonging to a precursor (e.g., a progenitor in the bone marrow) versus a more differentiated lineage that may have gone through a physiological clonal burst (e.g., an effector T cell). Thus, in this context, applying a filter merely based on discarding insertion sites with low sequencing reads or assigning a given integration only to a specific lineage based on the uneven distribution of sequence counts, could lead to significant flaws in the analysis. The application of extensive bioinformatic filters should be justified in terms of overcoming technical issues and with a view toward the potential biological meaning of the collected data. Therefore, for molecular tracking studies, it is generally advisable to test the consistency of the results over different layers of data filtering and, when possible, exploit a weighted system designed to employ the entire integration site dataset.
Overall, the advent of NGS technologies has significantly increased the analytical power of insertion site retrieval, bringing the number of detectable integration sites from a few hundred to tens of thousands, while lowering the time and costs required for these studies. Although this represented a notable technical advance in the assessment of safety and efficacy of gene therapy, researchers that approach this technology should interpret their results with caution. Indeed, two considerations should be made on the future direction of these studies: (1) putting a strong effort in retrieving more integration sites by progressively increasing the intensity of sequencing may not necessarily be rewarding. This is because, like in many other NGS applications, the assumption that "a bigger dataset equals more information" is not always true. One should remember, for example, that the common insertion sites associated with oncogenic events as well as the general insertional profile of the different integrating vector platforms were all highlighted with good efficiency already in the early studies based on Sanger sequencing with a few hundred integration sites available and that many of the following high-throughput studies based on NGS were basically confirmatory of these results. Thus, much of the effort should now be advanced from the mere generation of bigger datasets to instead the formulation of new, sound and biologically relevant questions that NGS combined with insertion site retrieval could help to address (e.g., studying how target cell states affect insertional distribution and how this might affect in vivo IS selection). (2) Indeed, the sudden availability of a large amount of information within a relatively small time window and with costeffective experiments has led to the common trend of overinterpretation of the results. Researchers are now more tempted to spend their resources for the acquisition of big datasets with the risk that many inferences are forced through a retrospective association of the data that fit a certain hypothesis without a strong knowledge of the statistical and technical constraint inherent to the analysis of NGS information. A typical case of potential overinterpretation in the field of integration site analyses involves the investigations of specific genomic areas surrounding an integration site with slightly overrepresented sequencing reads. If more than one insertion is found proximal to a locus where a specific genomic feature is present, investigators could be immediately tempted to retrospectively infer that a perturbation of this feature has occurred and that this event could have led to an increased fitness of the observed clone. Often, however, not only the gene closest to the integration but also surrounding genes might be affected. Furthermore, the overrepresentation of an integration site in terms of sequencing reads could be merely the result of LAM-PCR biases. 23 Additionally, the increased resolution of integration site analysis by NGS has made it much more likely to "fish out" more than one insertion occurring into a locus of particular interest. The definition of common insertion sites, however, is affected by the increased sequencing depth. Hence, the probability of finding different insertions in the same genomic area is also higher. Unfortunately, this aspect is often overlooked. Conversely, the results of these observations are often overemphasized and rewarded with attention by the scientific community, although in many cases they represent only circumstantial evidence if not merely secondary epiphenomenon. Statistical and mathematical approaches are currently being designed to overcome these issues and will be of paramount importance for the accurate interpretation of NGS-based integration site analysis data, allowing specific events of interest to be properly highlighted.
Conclusions
In this article, the most important aspects regarding pre-clinical safety testing as well as analytical methods for patient follow-up during or after trials were discussed. We addressed issues involving regulatory aspects for pre-clinical evaluation of new vectors and suggestions for the careful interpretation of deep sequencing data. A significant number of new gene therapy trials are currently entering the clinical arena, thus the number of patients treated with gene therapy will continue to rise. The increase in treated individuals goes hand in hand with the responsibility for thorough safety testing before and after the vector is used in patients. Regarding the risk factors associated with integrating viral vectors, the most dramatic progress was made after in-depth analyses of the processes that caused severe adverse events helped us to better understand and prevent these incidents. We hope and anticipate that current safety testing will further improve and become predictive for humans.
